ABSTRACT
INTRODUCTION
As a cleaner energy source than hydrocarbons, gas hydrates have often been advertised as an appropriate alternative. The fundamental question is whether there is a sufficient resource of gas hydrates, on a worldwide basis, to act as a dominant energy source for the future. To be sure there are also technical problems of extraction and production of hydrates, once found, be it in the onshore or offshore regions. But the technical and commercial risk problems are secondary in the sense that unless there is a sufficient worldwide resource of gas hydrates, then technical methods will not be developed to exploit a constrained limited resource. There would be no profit in so doing. Likewise, even if technical extraction methods already existed, there would be no worldwide exploitation of gas hydrates if the costs of involvement and recovery were to rise to a point where no profit could be made -much as happens with oil and gas fields today, which are often not produced because of too high a cost relative to potential gains.
So the sine qua non is to first estimate the resources available. Indeed, this aspect has been recognized as the ultimate driver of potential further developments for over twenty years now (Kaplan, 1974) . And, as new information has become available over the years, such has been incorporated in estimates of worldwide resources of gas hydrates both onshore and offshore. Since the early 1990s, after the dissolution of the Soviet bloc, much information has become available that heretofore was the exclusive province of the Soviet Union and/or the intelligence gathering agencies of the worldmost notably the CIA in America. With the release of that information, and more recently books and papers concerning Soviet hydrates (see e.g. Makogon, 1997 and references therein), there has been a major increase in our knowledge of onshore and offshore hydrate accumulations. In addition, there have been many industrial and scientific discoveries of hydrates using ever increasingly sophisticated seismic methods, marine seafloor seep information, and direct drilling methods. A good summary of present investigations is contained in Collett (2000) .
But just because more information is available does not necessarily imply that there is an increase in the estimates made of worldwide hydrate resources. For instance, an estimate made assuming pore space is 100% hydrate filled would return a larger estimate than a similar estimate in which the pore space is taken to be only fractionally filled with hydrate. So the methods used for making hydrate resource estimates provide a range of values, depending on the assumptions made by each crafter of such an estimate.
One could, of course, go through each and every estimate made, identifying its weaknesses and strengths in relation to results obtained, and then modifying the assumptions made to bring them more into line with present knowledge of hydrate conditions and occurrences. Presumably that is precisely why one has a set of estimates that change over the years, and sometimes even in the same year! This paper takes a slightly different position with respect to hydrate estimates made. It is taken that every crafter of a worldwide estimate did the best job possible with the information to hand. It is also taken that the estimates made have been done in good faith and as objectively as possible with no bias to obtaining results one wishes for rather than objectively estimated.
Then, just as is done for estimates of total world oil resources (Lerche, 1992) , one plots two quantities: first, the cumulative probability of a worldwide hydrate resource being smaller than a particular amount; second, a plot of the estimate made versus the year the estimate was made. The purpose of the first sort of plot is to provide some sort of idea of how the estimates are grouped and also to provide an idea of the uncertainty in measures of worth of worldwide estimates. The purpose of the second sort of plot is to see how the various estimates change with time and so to see whether some sort of convergence is occurring as more data are added to the information base from which estimates are made.
DATA AND PLOTS
The data used here for estimates of worldwide hydrate resources are as follows:
Onshore Estimates Trofimuk et al (1977) 0.057 Dobrynin et al (1981) 34.0 McIver (1981) 0.031 Meyer (1981) 0.014 McDonald (1990) 0.74 Trofimuk et al (1977) 5-25 Dobrynin et al (1981) 7600 Meyer (1981) 3.1 Kvenvolden (1988) 20 Kvenvolden & Claypool (1988) 40 McDonald (1990) 21
Offshore Estimates
All values reported are in units of 10 15 m 3 .
The first point to note by direct inspection of the database is that all estimates of offshore hydrate resources (where less data are available for ground-truthing the estimates than for onshore estimates) are larger by orders of magnitude that the corresponding onshore resources for each estimate crafter. The second major point to note, for both onshore and offshore estimates, is the very large disparity between estimates made within each group, again by several orders of magnitude. A third point to note is that estimates made in a given year, even involving the same estimate crafter, differ substantively.
Finally, note that the estimates are given with a precision of two significant figures even though the accuracy can easily be called into question because of the large variation from one estimate to another. It would seem that such precision is not yet an appropriate measure of worth of the estimates given.
In order to produce some form of easily interpreted information from the estimates, what was done first was to plot the data on a cumulative probability curve. No massaging of the data was done with one exception; the offshore estimate of 5-25 provided by Trofimuk et al. (1977) was taken to be at its mid-point of 15. No attempt was made to throw out, say, the high estimates of Dobrynin et al. (1981) on the unwarranted supposition they are so far from the rest of the estimates as to be "unreasonable", which one of my colleagues proposed should be done. One could just as unwarrantedly argue that low estimates should be removed because they are far removed from the rest. Introducing such a bias would serve no purpose except to tilt results in favor of what one wanted rather than what the data per se provided. Figure 1 shoes the cumulative probability results for the hydrate estimates onshore (marked as dots) with two superposed dashed straight lines. The lines indicate that there is some sort of change in the manner of making the onshore estimates at around 50% cumulative probability, with the lowest estimates following a lower slope curve than the higher estimates. It may be a coincidence that the lower estimates were the three earliest made and so, as more data have become available, the resource estimates appear to have increased. In fact, however, when one plots each onshore hydrate resource estimate versus the year in which the estimate was made, as shown in Figure  2 , this supposition is not supported by the available data -it is not negated either, there are just not enough data estimates made to draw any substantive, statistically significant, conclusion concerning estimate improvement with time.
What Figure 1 does show is that there is an enormous range to any onshore estimate. One way of categorizing this range is to assess the volatility of the 50% (P (50)) value using the same procedure as is used for oil resource estimates (Lerche, 1992: Lerche and MacKay, 1999) . What one does is to take the measure of uncertainty to be described by the volatility, v, defined by v = (P(90)-P(10))/P (50) where P (10) and P(90) are the 10% and 90% cumulative probability values, respectively. A low value (v<<1) of volatility provides the information that there is but little uncertainty in the estimated range of resources at the 50% chance of obtaining resources, while a high value (v>>1) of volatility provides the information that there is a significant uncertainty and so the estimates should be considered of less statistically sharp worth than estimates yielding low volatility. For the onshore fields one obtains v = 600, massively larger than unity, implying a major uncertainty in the estimates made. One would be less than prudent to assume the highest value estimate case prevails. From a commercial perspective on a worldwide basis, one would ask whether profit is possible at the lowest estimate. If so, then any higher estimate would be just that more profitable. However, one should also be cautious there too, because the lowest estimate made for onshore hydrate resources was done almost twenty years ago and, presumably, needs to be upgraded based on new information. But the historical record of onshore estimates made with time, as depicted in Figure 2 , is not encouraging that the more recent upgrades to estimates are all that much better; there is just too large a scatter in estimates for one to feel very comfortable at all with veracity of any of the estimates.
Similar plots can also be done for the offshore estimates of worldwide hydrate resources. Figure 3 shows the corresponding cumulative probability plot for estimated resources. To be noted here is that there is a central clustering of four of the six estimates, unlike for the onshore estimates, but the volatility is v= 380, indicating again that there is significant uncertainty on the range. When one plots the historical information in the form of estimate made versus date of estimate (Figure 4) , one notices that the latest three estimates are not that different from the estimate made long ago by Trofimuk et al (1977) . One inference possible is that the inclusion of later information has not changed the worldwide assessment of gas hydrate resources offshore over the last 23 years. A second possible inference is that the inclusion of data has indeed sharpened the assessment from the wide disparity recorded in the early 1980's. It may seem somewhat disconcerting to have two such diametrically opposed inferences arising from the database of estimates made. And it may also seem disconcerting that the volatility on the P (50) value is also large compared to unity. However, what these inferences and high volatility really are saying is that there is just not enough data to be confident of any inferences drawn. A sample of 6 estimates for the offshore worldwide hydrates, and a sample of 5 for the onshore estimates, are just too small to provide statistically stable conclusions in the absence of further compelling information eliminating some of the assessments or providing a slew of better assessments. 
DISCUSSION AND CONCLUSION
As remarked already, it has not been the purpose of this paper to enter into a detailed analysis of the underlying assumptions and conditions for each and every estimate made of worldwide gas hydrate resources. Presumably such are better left to those who craft such estimates. But what has been attempted is to provide an idea of the resolution and convergence of estimates made, so that one has some perception of the sort of resource size one has available on a worldwide basis. This information is important if one is to decide on the global worth of gas hydrate resources as a future dominant energy source. It is also important to know the potential resources in terms of deciding whether technical procedures are worth developing to exploit gas hydrate resources. Based on the estimates to hand, it would appear that we still do not have a very good idea of precisely what we have in the way of global resources. Indeed, the uncertainty on the onshore estimates, where significant data exist to control speculation, would seem not to have produced estimates that have converged with time as yet, nor to provide relatively low volatility estimates -a volatility of 600 for the onshore estimates and 380 for the offshore are extraordinary large by any standards. In the case of the offshore global estimates, where not nearly as much hard data are available to constrain estimates, the general estimate of gas hydrate resources is significantly larger than onshore. Collett (2000) quotes an estimated offshore resource potential of around 0.3 (in units of 10 15 m 3 ), which is down by a factor of a hundred compared to estimates made as little as ten years ago. Ginsburg and Soloviev (1998) suggest a strong upper limit of less than 1 (units of 10 15 m 3 ). This huge swing in estimated value just reinforces the point that we really have very little idea of what is available as a potential hydrate resource. Including these two estimates in corresponding plots of cumulative resource probability ( Figure 5 ) and resource estimate versus year (Figure 6 ) just shows that the uncertainty with resource estimation and also temporal convergence of estimates made are still the major concerns. There is still no clear cut convergence of estimates with time over the last twenty years and, further, the number of estimates is so small that serious doubt can be raised whether one is dealing with a statistically meaningful sample of estimates, and therefore with any inferences one draws from them. And lack of global high quality offshore data is clearly showing through as a dominant concern. Ginsburg and Soloviev (1998), and Collett (2000) It would seem that some considerable research still lies ahead of us if we are to obtain a trustworthy estimate of global worldwide gas hydrate resources in either the onshore or offshore domains.
